The infrared spectra of methyl isocyanate monomer isolated in cryogenic argon, xenon and nitrogen matrices were studied. Interpretation of the experimental results was supported by harmonic and anharmonic calculations carried out at the DFT, MP2 and CCSD levels of approximation. Spectral indicators of the molecule structural flexibility were examined, the most striking of these being the multiplet structure of the most intense infrared band due to the antisymmetric stretching vibration of the N@C@O group. The observed quadruplet, spanning over the frequency range of nearly 100 cm
Introduction
Methyl Isocyanate (O@C@NACH 3 ; MIC) is used in the production of synthetic rubber, polyurethane foams, plastics, adhesives, pesticides and herbicide intermediates [1] [2] [3] . It is also currently used for the conversion of aldoximes to nitriles. MIC is an extremely toxic compound by inhalation, ingestion and skin absorption [4] [5] [6] . It may affect animals [7, 8] , plants [9, 10] and soils [11, 12] . The toxic effect of the compound on humans manifested itself when around 40 tonnes of MIC were accidentally released at a Union Carbide plant in Bhopal, India, in 1984, killing thousands [13, 14] . The hazardous effects of MIC have been extensively studied [15] [16] [17] . Nowadays, due to the concerns of the public safety, there are efforts at global scale to reduce its production [18] .
From the fundamental point of view, the compound has also been extensively studied. The first electron diffraction spectrum of MIC was reported as early as in 1940 (!) [19] , and has been re-investigated later, in 1972 [20] . The microwave spectrum of MIC has been observed by Curl et al. [21] , Lett and Flygare [22] and, more recently, by Kreglewski [23, 24] , Kasten and Dreizler [25] and Koput [26] [27] [28] . Koput also reported a series of theoretical studies on this subject [28] [29] [30] . MIC was found to be an asymmetric top molecule with a CNC valence angle of about 140°. The barrier for methyl torsion was found to be only 22 cm
À1
, whereas the barrier to linearity of the CNC skeleton was determined as 920 cm À1 . Methyl torsion and CNC bending correspond both to large amplitude motions and the respective energy levels were experimentally accessed by microwave spectroscopy [28, 30] .
The structure of MIC, barriers to internal rotation as well as the vibrational spectra of this compound have been the subject of several computational studies [30] [31] [32] [33] [34] . Experimental infrared and Raman spectra of gaseous, liquid and solid MIC were also reported [34, 35] .
In the present work, we investigated the infrared spectra of monomeric MIC molecules isolated in cryogenic Ar, Xe and N 2 matrices. We are not aware of any previous report on experimental studies of MIC isolated in low-temperature inert gas environment. The current investigation revealed unusual absorption signatures of MIC, reflecting strong anharmonicity and large-amplitude character of some vibrations in this molecule. The experimental midinfrared FTIR spectra of monomeric MIC were interpreted with the aid of harmonic and anharmonic vibrational calculations.
Experimental procedure
The sample of methyl isocyanate was purchased from Supelco. The commercial sealed glass ampoule containing 500 mg of the liquid compound was placed into a section of a glass vacuum line. This section was evacuated and then cut from the vacuum pumps. The ampoule was broken under static vacuum. The vapor pressure of methyl isocyanate at 20°C is high (348 mm Hg), therefore the liquid compound turned instantly into gas. Argon N60, xenon N45 and nitrogen N50 (all supplied by Air Liquide) were used as the matrix gas (MG) hosts. Mixtures of gaseous MIC and a large (800-1000 fold) excess of MG were prepared using standard manometric techniques. The MG:MIC mixtures were deposited onto a cooled CsI window that was used as the optical substrate for matrices. Temperature of the CsI window was measured directly at the sample holder by a silicon diode temperature sensor connected to a digital temperature controller (Scientific Instruments, Model 9650-1), which provides accuracy of 0.1 K. All experiments have been done on the basis of the APD Cryogenics closed-cycle helium refrigeration system with a DE-202A expander. Spectra were recorded, in the 4000-400 cm À1 range with 0.5 cm À1 resolution, on a Mattson FTIR spectrometer (Infinity 60AR series) equipped with a DTGS detector and KBr beamsplitter. Necessary modifications of the sample compartment of the spectrometer were made in order to accommodate the cryostat head and allow efficient purging of the instrument by a stream of dry air to exclude influence of atmospheric H 2 O and CO 2 .
Theoretical methods
In the present study, both DFT and correlated-level ab initio methods were used to optimize the molecular geometry and calculate vibrational frequencies. The DFT calculations were performed with the B3LYP three-parameter density functional, which includes Becke's gradient exchange correction [36] , the Lee, Yang, Parr correlation functional [37] , and the Vosko, Wilk, Nusair correlation functional [38] . The standard Dunning's correlation-consistent polarized double-f basis set augmented with s and p diffuse functions on hydrogen and s, p and d diffuse functions on heavy atoms (aug-cc-pVDZ) and triple-f basis set augmented with s, p and d diffuse functions on hydrogen and s, p, d and f diffuse functions on heavy atoms (aug-cc-pVTZ) [39] [40] [41] were used in the calculations. Geometry optimization and vibrational calculations were also carried out at the CCSD level [42, 43] .
The molecular geometry was fully optimized at the CCSD/augcc-pVDZ, B3LYP/aug-cc-pVTZ and MP2/aug-cc-pVTZ levels of theory with the ''tight" convergence threshold criteria. After geometry optimization, calculation of the harmonic vibrational frequencies was carried out at the same level of theory. The precise nature of the optimized stationary points was determined by analysis of the corresponding Hessian matrices. The structures exhibiting either zero or one imaginary frequency in the calculated spectrum were characterized as minima or first-order saddle points, respectively.
The calculated frequencies were used to assist the analysis of the experimental spectra. To correct for the systematic shortcomings of the applied methodology (mainly for anharmonicity), the calculated harmonic wavenumbers were scaled down by a factor of 0.957 for the CH stretching vibrations and by a factor of 0.977 for all remaining vibrations. Additionally, the B3LYP/aug-cc-pVTZ level was also used to calculate the anharmonic vibrational frequencies. The theoretical normal modes were analyzed by means of the potential energy distribution (PED) calculations. Transformations of the force constants with respect to the Cartesian coordinates to the force constants with respect to the molecule-fixed internal coordinates allowed the PED analysis to be carried out as described by Schachtschneider and Mortimer [44] . The atom numbering and internal coordinates used in these calculations are given in Scheme 1 and Table 1 , respectively. All calculations in this work were done using the Gaussian 03 program [45] .
Results and discussion
The experimental FTIR spectrum of MIC isolated in an argon matrix at 8 K is shown in Fig. 1 , where it is compared with the theoretically calculated spectrum. The distinctive feature of the infrared spectrum of MIC is the extremely strong band due to the antisymmetric N@C@O stretching vibration that appears around 2300 cm À1 and dominates the spectrum. The band exhibits a multiplet structure, which will be addressed later in this paper. The huge intensity of this band is ca. 1.5-2 orders of magnitude higher than for any other absorption.
In order to reproduce reliably this intensity difference and avoid saturation of the strongest absorption peaks, the experimental samples should be thin. The thickness of the matrix can be determined from the pattern of the interference fringes [46] [47] [48] . For the normally incident beam of the spectrometer, the basic equation for interference fringes is:
where d is the film thickness; n is the refractive index of the film material; m is the number of fringes observed in the wavenumber range between m 1 and m 2 , expressed in cm
À1
. The refractive index for solid argon is known [49, 50] . As it follows from Fig. 1 , ten full fringes were registered in the range between 3902 and 512 cm À1 . Then, considering that n = 1.285, the sample thickness can be estimated as 11.5 lm only. This value is about one order of magnitude less than for an average sample studied in our setup.
The fingerprint region of the FTIR spectra of MIC isolated in argon, xenon and nitrogen matrices [51] is presented in Fig. 2 . The experimental spectra are very well reproduced in this range by harmonic DFT calculation, with the best match observed for the case of MIC isolated in N 2 . It should be also noted that the absolute amount of MIC isolated in argon, xenon and nitrogen matrices relates roughly as 1:2:3, respectively. This ratio is reflected by the corresponding absorbance scales in Fig. 2 . Taking into account that the concentrations of all samples are approximately equal, this also means that the nitrogen matrix is the thickest. Indeed, the pattern of interference fringes in nitrogen agrees with this conclusion. In Fig. 3 , the infrared spectrum of MIC isolated in a nitrogen matrix is compared with its theoretical spectra, calculated using three different models of theory. The absorption bands with maxima at 1469.3, 1448.0, 1419.8, 1133.7, 857.5 and 582.1 cm À1 in the spectrum of MIC isolated in a nitrogen matrix (see the assignment in Table 2 ) were used as references in the least squares linear fit of the theoretically calculated vibrational frequencies. As far as the overall agreement is concerned, the experimental spectrum is somewhat better reproduced by the results of the B3LYP/aug-ccpVTZ calculation, than by the results of the calculations carried out at the MP2/aug-cc-pVTZ and CCSD/aug-cc-pVDZ levels [52] . The common scaling factor of 0.977 resulting from the best linear fit (for the B3LYP method) was then used in Fig. 3 to compare all theoretical calculations. Two vibrational modes corresponding to the bending deformations of the isocyano N@C@O group are theoretically predicted to have frequencies of ca. 600 cm À1 . According to the calculations, the mode at higher frequency should be due to the in-plane bending (b ip N@C@O) motion, whereas that at lower frequency should correspond to the out-of-plane bending (b oop N@C@O) vibration. . Fingerprint region of the experimental FTIR spectrum of MIC monomers isolated in a nitrogen matrix at 8 K compared with the spectra calculated at the B3LYP/aug-ccpVTZ, MP2/aug-cc-pVTZ, and CCSD/aug-cc-pVDZ levels of theory. Theoretical wavenumbers in this range were scaled by a factor of 0.977, uniform for all methods. Asterisk in the experimental spectrum designates a band due to traces of the matrix-isolated CO 2 impurity. Table 1 . f Due to the strong anharmonicity, assignment of the individual peaks is difficult. The integrated intensity of the CH stretching vibrations was measured over the range 3034-2742 cm À1 . The graphical representation of the CH stretching region is given in Fig. 9 . g The integrated intensity of the N@C@O antisymmetric stretching vibrations was measured over the range 2358-2235 cm
. See text for the assignments of the individual components; abbreviations: sh. -shoulder, n.o. -not observed, n.i. -not investigated.
In agreement with the theoretical prediction, a pair of infrared absorption bands was observed in the 640-570 cm À1 frequency range of the experimental spectra of matrix-isolated MIC. As it is apparent form the spectra shown in Fig. 2 the shapes of these two bands are very different. The band due to the out-of-plane bending vibration [observed at 584.1 cm À1 (N 2 )] is very narrow, whereas the band due to the in-plane bending mode [observed at 623.4 cm À1 (N 2 )] is very broad. The broad profile of the latter band is very different from the profiles of other absorptions observed in the fingerprint region of the spectrum. The broad shape of the band at ca. 620 cm À1 is common to the spectra of all studied samples (Fig. 2) , showing only a little dependence on the nature of the matrix gas (Ar, Xe or N 2 ) used. This demonstrates that the observed broad profile should be related to intrinsic properties of the MIC molecule.
The relative position of the two b N@C@O modes is a spectroscopic measure of the non-linearity of the MIC molecule. A relaxed potential energy scan along the CNC bending (b CNC) coordinate is presented in Fig. 4 (lower frame) . The expected calculated frequencies of the two N@C@O bending modes, as a function of the b CNC coordinate, are shown in the upper frame. The observed broad profile of the b ip N@C@O absorption band demonstrates that the molecule of MIC undergoes a large-amplitude movement in the plane of symmetry. The observed magnitude of the separation between the b oop N@C@O and b ip N@C@O modes indicates that the CNC angle for the matrix-isolated molecule is slightly (by 2-3°) more obtuse than predicted by the calculations. However, the molecule is clearly non-linear, because for the extreme case of the linear molecule, with C 3v symmetry, the frequencies of the two N@C@O bending modes would be the same (see Fig. 4 ). Fig. 4 shows also the two lowest b CNC vibrational levels (bending quantum numbers m b = 0, m b = 1) [53] . The first excited level is 2 kJ mol À1 higher than the ground vibrational state. Hence, for a molecule at cryogenic temperature 8-20 K (as it is the case for MIC isolated in low-temperature matrices), thermal population of the excited b CNC vibrational levels can be completely neglected. This conclusion is important for further discussion.
The most striking feature in the infrared spectrum of matrixisolated MIC is the band appearing around 2300 cm À1 (see Fig. 1 ). There is only one band that is expected to appear in this spectral range, due to the m a N@C@O mode ( Table 2 ). The matrix isolation infrared spectra of other similar molecules bearing the N@C@O moiety show only one strong absorption. This is the case of isocyanic acid (HNCO) isolated in an argon matrix [54] , HNCO isolated in matrices of krypton and xenon [55] , HXeNCO isolated in a xenon matrix [56] , and di-isocyanate in an argon matrix [57] . Methyl isocyanate does not stand together with the previous molecules. The experimental spectra of MIC isolated in argon, xenon and nitrogen matrices are expanded in Fig. 5 . In all matrix gases, the spectrum shows a very characteristic strong absorption with a quadruplet profile spanning more than 80 cm
. The splitting of the antisymmetric N@C@O stretching vibration (between 2350 and 2250 cm À1 ) into four components is similar in all the matrices. Therefore this splitting cannot be attributed to different packing sites in different matrix media. It is intrinsic to MIC and results from intramolecular coupling.
Before unveiling the reasons of the unusual splitting, it is interesting to establish the spectral position of the fundamental m a N@C@O mode. Intuitively, this should be the strongest component in the observed quadruplet. This guess is consistent with two different reasonings based on the comparison of the experiments and calculation. Let us consider them.
(i) Isotopic substitution. The bands in the spectra of matrix-isolated molecules are so narrow that it is possible to detect experimentally the absorptions due to rare isotopic forms. The IR bands originating from 13 C and 15 N rare isotopologues of matrix-isolated S-triazine [58] or 37 Cl minor variety of dichloropropane [59] could be identified thanks to the excellent agreement between the experimentally observed and theoretically predicted isotope shifts. In the present case, a strong infrared intensity due to m a N@C@O mode should allow spectral identification of the rare CH 3 AN@ 13 C@O isotopologue, whose natural abundance is ca. 1%.
Indeed, in the FTIR spectra of all matrices there is a group of bands around 2220-2230 cm
, having intensity ca. 1% as compared with the main peak. The corresponding absorptions are designated by brackets in Fig. 5 . We calculated the isotopic shift for substitution of the central 12 C atom in the isocyano group by 13 C. For the m a N@C@O mode, this shift amounts to 63.5 cm À1 (to lower frequencies). So, the isotopic 13 C analysis indicates that the fundamental absorption of the main isotopic species should be expected to appear around 2285-2295 cm À1 , i.e. around the position where the component of the strongest intensity is observed.
(ii) Comparison with related molecules. The m a N@C@O mode for isocyanic acid (HNCO) isolated in an argon matrix was reliably identified as a single absorption at 2259.0 cm À1 [54] . Using a similar approach as described above for the isotopic analysis, we calculated the vibrational spectrum of HNCO and compared it with the calculated spectrum of MIC. In these calculations, the m a N@C@O mode of MIC is predicted to be 38 cm À1 higher than for HNCO. This gives the expectation value of 2297 cm À1 for MIC (in argon). The band observed in our experiments at 2293 cm À1 corresponds very well to the expectation and is the most intense component of the quadruplet (see Fig. 5 )!
The multiplet band structure in the infrared spectra of matrixisolated molecules can be related with the rotation of molecule in the matrix, as a whole. Isocyanic acid, for example, was found to rotate in an argon matrix almost freely. Several bands observed in the infrared spectrum of HNCO isolated in an argon matrix are accompanied by satellite bands, which were interpreted in terms of rotational structure of the vibrational transitions [54] . We explored this hypothesis for the case of MIC, in an attempt to explain the nature of the unusual quadruplet around 2300 cm À1 . For the rotating molecules, the rotational structure depends on the character of the individual bands. For pure perpendicular bands, i.e. bands where the vibrational transition dipole is perpendicular to the rotation a axis, the selection rule DK a = ±1 holds. For parallel bands DK a = 0, where K a is the quantum number for rotation around the a axis. The calculated directions of the transition dipoles of MIC are presented in Fig. 6 . The m a N@C@O dipole derivative is nearly parallel to the principal axis of inertia and should produce only a single absorption (Q feature). Moreover, the calculated rotational constant around the a axis is approximately 82.3 GHz. This value can explain a rotational structure spaced by ca. 2.7 cm À1 , but cannot explain the splitting which is one order of magnitude higher (see Fig. 5 ). Resuming, it is easy to conclude that the observed band splitting does not arise from the coupling between the m a N@C@O mode and the rotation of the molecule as a whole.
In a series of reports on the analysis of the microwave spectrum of MIC, Koput [27, 29, 30] showed that the experimental rotational spectrum can be successfully interpreted in terms of the fivedimensional quasi-symmetric top molecule model, accounting explicitly for the large-amplitude CNC bending motion, internal methyl torsion and overall rotation. On the basis of the discussion presented above, two of these three motions, the large-amplitude CNC bending and overall rotation, can be discarded as factors causing the observed splitting of the infrared band due to the m a N@C@O mode for matrix-isolated MIC. Let us now address the internal methyl torsion. The methyl torsion potential energy profile in MIC was calculated using MP2 and DFT methods. The results of relaxed potential-energy-scan computations carried out with several aug-cc-pVXZ (X = D, T, Q) basis sets are shown in Fig. 7 . The energy barrier for methyl torsion was predicted (at all applied levels of theory) to be very low. The more complete the applied basis set is (the more basis set functions it includes), the lower is the calculated barrier for methyl torsion (see Fig. 7, left frame) . In the B3LYP/aug-cc-pVTZ calculation this barrier was found to be as low as 0.29 kJ mol À1 (24 cm
). This value is in a good agreement with the experimental estimate (22 cm
) reported by Koput [30] . In the right frame of Fig. 7 , the calculated harmonic and anharmonic levels of methyl torsion are shown. Only the ground state methyl torsion level stays below the barrier. A very strong anharmonicity of the methyl torsion strikes the eye (note the mismatch between Table 2 ). The asterisk close to the origin designates an approximate direction of the vanishing m s N@C@O vector. The orientations of the two principal axes of inertia, a and b, are designated by bold vectors with open arrowheads. The five A 00 modes are perpendicular to the xy plane and are aligned along the z axis, which coincides with the principal axis of inertia c. The coordinate system of the plot corresponds to the standard orientation of the molecule, as defined in Gaussian. The units are normalized in such a way that the lengths of the corresponding vectors, after being squared, are equal to the infrared intensity of the vibrational mode.
the anharmonic and harmonic calculated data). The first excited methyl torsion level calculated in the anharmonic approximation was found to be as low as only 25.6 cm À1 over the ground state. The corresponding value extracted by Koput from the analysis of the microwave spectrum is even lower, ca. 8.3 cm À1 [27] . Such low-lying excited levels must be thermally populated under cryogenic conditions (estimated 6% for 25.6 cm À1 , at 10 K). An easy excitation and non-negligible population of the methyl torsion levels in the low-temperature matrices prompted a simple qualitative model shown in Fig. 8 Table 2 ) and no band is observed in the present experiments around 2450 cm The 3400-2650 cm À1 spectral range is shown in Fig. 9 . It must be noted that the experimental absorbance scales in Fig. 9 refer to the same spectra as shown in Figs. 2 and 5 . The average absorption intensities in this range are rather low. For the case of nitrogen matrix, which has a higher amount of the compound in the matrix and a better signal-to-noise ratio, more than 15 individual maxima can be identified in this range, while only three fundamental modes, due to the CH stretching vibrations, fall herein. The complexity of the spectrum in the CH str region does not allow for an easy assignment in this range.
It is well-known that the vibrational spectra of methyl-containing compounds can be complicated by occurrence of two types of anharmonic interactions: (i) resonances between m CH and the first overtone (2 b CH) and/or combination tones of methyl bending (b CH) modes [60, 61] and (ii) coupling of m CH with sCH 3 modes [62, 63] , giving rise to polyads of levels in the 3000-2800 cm À1 range [64] . The assignment of the particular modes in such spectra usually requires studies of the partially deuterated CHD 2 or CH 2 D analogues [65, 66] and sophisticated theoretical treatment [67, 68] . It is not new that MIC is amongst the molecules exhibiting a strong resonance between the m CH and 2b CH modes [69] . Moreover, Zhou and Durig have recently reported [35] the positions of all three of the CH 3 stretching modes of MIC to have significant differences in frequencies with the changes of phase (for gaseous, liquid and solid MIC), which does not help in the interpretation of the present matrix-isolation experimental data.
The conventional harmonic vibrational calculations do not add clarity to the interpretation of this spectral region either. In order to obtain a good prediction of the frequencies a different scale factor from that used to scale down the calculated frequencies in the fingerprint region must be used. Since a simple linear fit is difficult to implement in this case, the scale factor was obtained as the average ratio [anharmonic]/[harmonic] of the individual calculated CH str frequencies (see Table 2 ). This approach proved successful in our recent study on hydroxyacetone, where the anharmonic calculated wavenumbers differed only within a few wavenumbers from the matrix experiment [70] . In present case, the positions of anharmonic calculated frequencies were chosen as initial guess for the frequencies of the fundamental absorptions. The resulting scaling factor of 0.957 for harmonic frequencies is in a good agreement with other studies giving the scaling factors between 0.950 and 0.960 [71] [72] [73] .
The scaled harmonic frequencies as well as those resulting from the anharmonic frequency calculations (see Table 2 ) clearly show that no CH stretching vibrations should have frequencies higher than 3000 cm
. However, in the experimental spectra of MIC a quadruplet of bands is observed in the 3100-3200 cm À1 range, which cannot be due to the CH stretching fundamentals. Noteworthy, this quadruplet of bands has a similar structure to that observed in the 2250-2340 cm À1 region (compare Figs. 5 and 9 ). If we assume that these two quadruplets are related and calculate how much these two quadruplets are apart from each other, the value of about 850 cm À1 is obtained. Table 2 ). Similarly to the quadruplet resulting from the [m a N@C@O + sCH 3 ] coupling, the quadruplet observed between 3200 and 3100 cm À1 spans a little less than 100 cm
. Hence, it looks very likely that the latter feature should be described as the combination tone [m a N@C@O + sCH 3 ] + [m NAC; m s N@C@O].
Conclusions
Monomers of methyl isocyanate (MIC) were studied using the matrix-isolation technique combined with FTIR spectroscopy. The observed infrared spectra of MIC isolated in Ar, Xe or N 2 low-temperature matrices were interpreted by comparison with the results of harmonic and anharmonic calculations carried out at the DFT, MP2 and CCSD levels of approximation. In spite of the fact that MIC is a flexible molecule and some of its vibrations have a large-amplitude character, the IR spectrum in the 1600-400 cm À1 range was very well reproduced by the results of calculations carried out within the harmonic approximation. This results in a very reliable vibrational assignment. However, some clear indications of the structural flexibility of the molecule were observed in the experimental IR spectra. The most striking of these spectral features is the multiplet structure of the most intense band due to the antisymmetric stretching vibration of the N@C@O group. This band appears (in the spectra of MIC isolated in Ar, Xe or N 2 matrices) as a quadruplet spanning at ca. 2300 cm À1 over the frequency range of nearly 100 cm
À1
. The very unusual structure of this band was interpreted in terms of coupling with the torsion of the methyl group, which is the lowest frequency vibration in the molecule. 
